The nucleotide sequence of the rubella virus capsid protein (C) gene has been determined from a cDNA clone derived from the 40S genomic RNA. The sequence covers the coding region of the C protein (831 nucleotides), 70 nucleotides of the 5' untranslated region, and the 5' end of the downstream E2 membrane protein gene. The capsid gene is unusually rich in C (41.6~) and G (31.29/o) residues (G + C 72.8~), and poor in A (15.4~) and U residues (11.8~o). There are regions with long runs of up to 45 ~ C or 35 ~ G residues. The codon usage is non-random, with a strong preference for C and G residues in the third position. Starting from two in-frame AUG codons (seven amino acid residues apart) an open reading frame (ORF) was identified that extended in frame into the ORF coding for the downstream E2 membrane protein gene. Since the amino terminus of the capsid protein is blocked, we could not determine which of the AUGs serve as the initiating codon. To verify that the deduced ORF was correct, we have determined the amino acid sequence of 13 tryptic peptides corresponding to one-third of the C protein. Our data show that the C protein is about 277 residues in length (Mr about 30750). It is very hydrophilic and rich in prolines (14.1~) and arginines (14.4~o). Clusters of these amino acids are concentrated in the aminoterminal third of the C protein. No sequence homology to the capsid protein of several alphaviruses was observed. Together with our previous sequence data we have now completed the sequence of the genes coding for the structural proteins C, E2 and E1 of rubella virus.
INTRODUCTION
Rubella virus (RV) is the only member of the Rubivirus genus within the Togaviridae family (Porterfield et al., 1978) . Previous work has identified three structural RV proteins, E1 (M~ 58000) and E2 (Mr 42000 to 47000), both of which are membrane glycoproteins, and C (Mr 33000), the capsid (C) protein (Oker-Blom et al., 1983; Waxham & Wolinsky, 1983) . The C protein is associated with the genomic 40S RNA, to form the nucleocapsid (Oker-Blom et al., 1983) . The 40S RNA which is about 11000 nucleotides in length has a positive polarity, contains a 5' cap structure and has a 3' poly(A) tract .
During infection, a 24S subgenomic mRNA is synthesized. As shown by in vitro translation, the structural proteins are translated from this RNA principally as a 110000 Mr precursor (p 110), which is co-translationally cleaved into the three proteins (Oker-Blom, 1984; Kalkkinen et al., 1984) . In vivo pulse-chase experiments have indicated the gene order NH2-C-E2-E1-COOH (Oker-Blom, 1984) . This has also been confirmed by recent sequence analyses. The sequence of the E1 gene (Frey et al., 1986; Nakhasi et al., 1986; Clarke et al., 1987; Vidgren et al., 1987) and the E2 gene (Clarke et al., 1987; Vidgren et al., 1987) have recently been reported.
Cloning and sequence analysis
We have previously described the synthesis and cloning of cDNA copies corresponding to the 3' third of the genomic 40S RNA (Vidgren et al., t987) , known to code for the three structural proteins . Using the 40S RNA as template and oligo(dT) as primer, one such cDNA clone (pKTH351), about 1000 bp in size, was mapped to a region upstream from the E2 gene. The clone partially overlapped the 5' end of pKTH345, which contains the E2 and part of the E 1 gene. The insert in pKTH351 was found to be RV-specific and to represent a sequence colinear with the 40S virion RNA (Vidgren et al., 1987) . The size of the insert suggested that it might contain the whole C gene. Restriction enzyme fragments were subcloned in M13 and subjected to sequence determination by Sanger's dideoxy method. The insert was completely sequenced from both strands. The assembled nucleotide sequence thus derived was further checked by sequencing the mRNA-sense strand, cloned into M13 rap8, using six synthetic oligonucleotides as primers (see Methods). The sequence which comprises 1027 nucleotides is shown in Fig. 1 . It extends at the 3' end 56 nucleotides into the E2 gene, counting from the first amino acid codon of the mature E2 protein. In Fig. 1 , we have assigned the first nucleotide adjacent to the 5' oligo(dC) tail (derived from the cloning procedure) in pKTH351 as number 1.
Characteristics of the nucleotide sequence
The most striking feature of the nucleotide sequence is the unusually high G and C content. The base composition of the region coding for the C protein (nucleotides 71 to 901 in Fig. 1 ; see below) is 14-4~ A, 41.6~ C, 31.2~ G and 11-8~ U. Thus, the G + C content is 72.8~ and the G + C to A + U ratio is 2.7 : 1. A closer analysis of the distribution of G and C residues within Table 2 . The putative signal peptide of E2 is underlined. The starts of the C and E2 genes are as indicated.
the gene reveals regions with particularly high G and C contents (Fig. 2 ). In the 5' half (nucleotides 150 to 500) the C content is consistently high (42 to 47~), followed by two regions (nucleotides 500 to 600 and 670 to 770) with a slightly lower C content (32 to 37~). At the 3" end (residues 800 to 900) the C content is again high (45 to 48~). Similarly, the G content is high (35 to 37 ~) in the 5' half of the gene (nucleotides 150 to 330) and between nucleotides 700 and 800 (around 35 ~). The G + C content is thus highest in the 5' third (residues 150 to 320), fluctuating around 80~. The region upstream from the capsid gene (residues 1 to 70) has a slightly lower G + C content (61-4~o).
Amino acid sequence of the C protein
Starting from an AUG initiation codon at nucleotide 71 ( Fig. 1 ) and extending into the E2 gene in the same reading frame, there is an open reading frame (ORF) that could represent the C protein gene (Fig. 3) . The two other reading frames contain only five and one translation termination codons, respectively. The scarcity of stop codons is a natural consequence of the low A and U content (see above). Therefore, there are also several long ORFs in the two other reading frames. Note also that there is an uninterrupted ORF in reading frame 4 in the complementary strand (Fig. 3) . The AUG codon is followed seven codons later by another in-frame AUG codon. For reasons stated in the Discussion we believe that initiation occurs at either (or both) of these AUGs despite the fact that the ORF continues to the 5' end of our cDNA clone. Since the amino terminus of the capsid protein is blocked (Kalkkinen et al., 1984) we cannot at present say which of these AUGs might be used as the initiation codon. We have tentatively assigned the first methionine as residue number 1 in our sequence (Fig. 1) .
The amino acid sequence around the cleavage site between C and E2 is not known. Thus, the carboxy-terminal end cannot be established in our sequence. We have suggested that mature E2 is preceded by a 23 residue signal peptide, which would facilitate the translocation of E2 through Fig. 1 . The numbers in the table represent number of residues in the C protein.
the membrane of the endoplasmic reticulum (Vidgren et al., 1987) . In Fig. 1 , this putative signal peptide starts at the UUC codon (phenylalanine) at nucleotides 902 to 904. We have sequenced a tryptic peptide (I-E-T-R, amino acids 265 to 268; Fig. 1 ) only nine residues upstream from the putative signal peptide (see below). Thus, proteolytic cleavage is likely to occur within this nine residue region. Assuming a cleavage after the arginine at position 277 and initiation at the first AUG, this would mean that the C protein is 277 (Mr 30749) residues in size.
The codon usage is highly non-random (Table 1) . There is a pronounced preference for G or C in the third position for all amino acids with the exception of glutamine. Ten codons are not used at all and nine codons are used only once.
Amino acid sequence analyses of tryptic peptides derived from the C protein
To check that the correct ORF was deduced from the nucleotide sequence, we determined the amino acid sequences of 13 tryptic peptides purified by HPLC. The elution profile from the column is shown in Fig. 4 . Table 2 summarizes the amino acid sequences determined, and Fig. 1 shows the location of the various peptides in the sequence. Taken together, these peptides represented 34~ (94 amino acids) of the whole C protein. Nine of the peptides mapped to the amino-terminal half of the C protein, the region causing most of the sequencing problems due to its high G/C content. Most of the peptides were very short, due to the high arginine content. All peptides were preceded by an arginine or lysine (peptide 5A) and, with the exception of peptides 5A, 10 and 11, also terminated with an arginine or lysine. Nine of the 13 peptides were therefore completely sequenced.
Peptides 1A and 1B co-eluted in roughly equimolar amounts. This caused some problems in obtaining reliable amino acid sequences. The only amino acid sequences that matched the released amino acids [DSGGPR (1A) and MQTGR (1B)] (Fig. 1) were found in the large ORF (second reading frame). No other perfect match was found in the two other reading frames. Thus, we are confident that the deduced amino acid sequences for 1A and 1B are correct. Fig. 4 . t Numbers refer to the amino acid sequence in Fig. 1 . Peptides 5A and B co-eluted. The sequences could be easily interpreted since peptide 5A constituted a minor portion (about 10%) as compared to peptide 5B (about 90%). X in peptide 5A denotes an unidentified amino acid.
§ Peptides IA and B co-eluted from the HPLC column. Since they were present in an equimolar ratio the sequence interpretation was somewhat uncertain. The correct sequences were deduced with the assistance of the nucleotide sequence.
Characteristics of the amino acid sequence Amino acid composition
As expected from the high G + C content, the capsid protein is particularly abundant in proline (14.1%), arginine (14.4%) and relatively rich in alanine (9%) and glycine (9.4%) ( Iv  I~11  I" I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I residues 35 and 150, 21-7~ of the amino acids are prolines and 20.0~ are arginines. The alanine and glycine residues are rather evenly distributed throughout the protein. The C protein was calculated to have a net charge of + 17 at neutral pH.
Sequence of rubella virus capsid protein
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Hydropathicity profile
As can be seen from the hydropathicity plot in Fig. 5 , the C protein is hydrophilic throughout the molecule. This is particularly true for the arginine-rich region between residues 35 and 120.
DISCUSSION
With the sequence of the capsid protein gene and the previously determined sequence of the E2 and E1 genes (Vidgren et al., 1987) we have now completed the primary sequence of all three RV structural proteins. The combined sequence comprises 3321 nucleotides upstream from the poly(A) tract of the 40S and 24S RNAs. The general organization of this region is summarized in Fig. 6 . The ORF corresponding to the pl l0 precursor (Oker-Blom, 1984) encodes 1063 amino acids (Mr 114605). Four proteolytic cleavages are proposed to occur in order to release the mature proteins. Two of these would be carried out by the signal peptidase (Fig. 6, arrows) , whereas the other two could be carried out by some other host enzyme (arrowheads). The exact vl vl AUG  YY YY  Y  YY  UGA   21  262  1920  481   I,  I  !  I  I  I  I  I  I  I  I  I 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 Nucleotide no. Fig. 6 . Schematic presentation of the organization of the RV structural protein genes in the 24S mRNA. FilLed and hatched boxes indicate the putative transmembrane domains and signal peptides of E 1 and E2, respectively. The signal peptidase cleavage sites are indicated by arrows. The postulated proteolytic cleavage sites at the carboxy termini of C and E2 are indicated by arrowheads. Glycosylation sites for N-linked glycans are indicated (Y). Numbers below the bar indicate amino acid residues of the various domains. Note that the numbers for E2 and E1 include the transmembrane domains (19 and 27 residues, respectively), but not the signal peptides (21 and 20 residues, respectively).
sites for these two latter cleavages are at present unknown. The cleavage site between C and the putative signal peptide of E2 is suggested, since we consider it unlikely that the highly hydrophobic putative signal peptide of E2 would remain covalently linked to the carboxyterminal end of the C protein. Were this the case, then the C protein would probably remain membrane-associated. Tentatively, we suggest cleavage after the arginine at residue 277. It should be noted that the cleavage between C and E2 is apparently not due to autoproteolysis executed by the C protein itself, as has been shown for the alphaviruses (Melancon & Garoff, 1987 , and reference therein). In the case of RV, the C protein is not released from p110 in in vitro translation mixtures either in the absence or presence of microsomal membranes (Oker-Blom 1984; Clarke et al., 1987) . Clarke et al. (1987) have recently reported the sequence of the capsid protein gene of the M33 strain of RV. Their sequence is very similar to that determined by us for the Therien strain (see below). Clarke et al. also suggest that the capsid protein may be initiated at one (or both) of the two in-frame AUG codons, which are only seven residues apart (Fig. 1) . In vitro mutagenesis combined with in vitro translation has to be carried out to find out which of the two AUGs is in fact used. The amino terminus of the C protein is blocked (Kalkkinen et al., 1984) . The second AUG is in a preferred sequence context as compared to the first one, according to the consensus sequence CCAAUGG suggested by Kozak (1984) . In the sequence of Clarke et al. (1987) , there are three stop codons, 84, 98 and 123 nucleotides upstream from and in frame with the first AUG. This further supports the conclusion that the capsid protein is initiated at one of the above AUGs. Our sequence extends only 70 nucleotides upstream from the first AUG and therefore lacks any in-frame stop codons.
Comparison of our amino acid sequence with that of Clarke et al. (1987) reveals the following differences. Firstly, there are five single amino acid changes. In our sequence, glutamic acid (residue 26 in our sequence), arginine (72), glutamine (163), threonine (175), serine (254) and threonine (292) are replaced by glycine (residue 26 in M33), lysine (71), glutamic acid (162), isoleucine (174), threonine (253) and alanine (291), respectively. These differences probably reflect strain differences. Secondly, between nucleotides 194 and 277 (amino acids 41 and 70) in our sequence, and 261 and 345 (amino acids 41 and 69) in M33, a total of three nucleotides at different positions are absent from M33. This results in a completely different amino acid sequence due to frameshifts. This sequence block is also one amino acid shorter in M33. After this region, the amino acid sequences can again be perfectly aligned. We have carefully checked this region and are confident that our sequence is correct. Our deduced sequence is also supported by the amino acid sequence obtained for the tryptic peptide 1A (Fig. 1, Table 1 ), which maps in the middle of this region (residues 55 to 60).
The above discrepancy between the two sequences illustrates the difficulties in sequencing the capsid gene. High G + C content, long runs of Gs and Cs causing compressions, and the scarcity of stop codons in the two closed reading frames resulted in uncertainty as to whether our ORF was correct. To confirm our deduced ORF, we determined the amino acid sequence of 13 tryptic peptides derived from SDS-PAGE-purified C protein. 
